Negatively charged liposomes composed of anionic phospholipids such as phosphatidylserine (PS) are preferentially taken up by phagocytic cells, especially macrophages, through receptors such as class A and B scavenger receptors, 6, 7) CD68, 8) vitronectin receptor, 9) and PS-specific receptor. 10) Fadok et al. reported extensively on the PS-specific receptor-mediated recognition and endocytosis of PSexpressing apoptotic cells by macrophages. 11) We have already reported that PS-liposomes inhibited the production of NO by macrophages stimulated with LPS, and demonstrated that PS-liposomes interact with macrophages through PSspecific receptors, leading to the production of transforming growth factor-b (TGF-b) via the activation of extracellular signal-regulated kinase (ERK) and finally, the TGF-b produced by PS-liposomes inhibited NO production in macrophages. 12, 13) We also investigated the effects of other negatively charged materials (polyanions), which are recognized as ligands for scavenger receptors, on NO production, and found that oxidized lipoprotein (OxLDL), maleylated bovine serum albumin (mBSA), and heparin, but not acetyl-LDL or PolyC, inhibited NO production by macrophages stimulated with LPS. 14) However, the receptors for these ligands differ, and it is not clear how the ligands inhibit the production of NO in macrophages stimulated with LPS.
In this paper, we investigated the inhibitory mechanism of NO production induced by these ligands in mouse peritoneal macrophages focusing on cytokine production and mitogen activated protein (MAP) kinase activation.
MATERIALS AND METHODS
Materials PS from bovine brain, lipopolysaccharide (LPS) from Escherichia coli (serotype 0111; B4), PolyCytidylic acid (PolyC), human LDL, and recombinant human interleukin (IL)-10 were purchased from Sigma Co., Ltd. Heparin and bovine serum albumin (BSA, fraction V) were purchased from LKT Laboratories, Inc. and Boehringer Mannheim Co., respectively. Anti-mouse TGF-b1 antibody, biotinylated anti-mouse TGF-b1 antibody, anti-mouse IL-10 antibody, biotinylated anti-mouse IL-10 antibody and recombinant human TGF-b were purchased from R&D systems.
Preparation of OxLDL and mBSA Copper OxLDL was prepared by incubating LDL (250 mg/ml) with Cu(Ac) 2 (5 mM) in phosphate-buffered saline at 37°C for 24 h as described by Yang et al. 15) The extent of oxidation was estimated by measuring lipid peroxidation in terms of the amount of thiobarbituric acid reactive substance expressed as nmol of malondialdehyde. mBSA was prepared according to the procedures of Sakai et al. ratory, Detroit, MI, U.S.A.). On day 4, the peritoneal macrophages were prepared according to our previous method. 17) Nitrite Assay Macrophages (1ϫ10 5 cells/well) were treated with several negatively charged ligands for at least 24 h, and then further incubated for 48 h with LPS (10 mg/ml). NO production was estimated by measuring the amount of nitrite in the culture supernatant using Griess reagent as described by Stuehr and Nathan. 18) In brief, an aliquot of the conditioned medium was mixed with an equal volume of 1% sulfanilamide and 0.1% N-1-naphthyletylenediamine dihydrochloride in 5% phosphoric acid. The absorbance at 540 nm was measured to evaluate NO production. Sodium nitrite diluted in HBSS was used to generate a standard curve.
Detection of TGF-b b and IL-10 Macrophages (5ϫ10 5 cells/well) were treated with several polyanions and supernatants were collected the appropriate time. TGF-b1 and IL-10 concentrations were determined by ELISA using pairs of purified capture and biotinylated detection antibodies recognizing murine TGF-b1, b2, b3 and IL-10, respectively, according to the manufacturer's instructions (BD Biosciences). Western Blotting Analysis Macrophages (1ϫ10 6 cells/ well) were treated with several negatively charged ligands for specific periods. Cells were then lysed using our previous method. For the determination of phosphorylated ERK, p38, or c-Jun N-terminal kinase (JNK) protein, cell lysates were separated by 12% SDS-PAGE, blotted on Immobilion P membranes (Nihon Millipore, Tokyo, Japan) and analyzed using a Phospho plus p44/p42 MAP Kinase (Thr202/Tyr204) Antibody Kit, Phospho plus p38 MAP Kinase (Thr180/ Tyr182) Antibody Kit or Phospho plus SAPK/JNK (Thr183/ Tyr185) Antibody Kit (Cell Signaling Technology, Inc., Beverly, MA, U.S.A.), respectively.
Statistical Analysis The statistical significance of mean comparisons was determined by ANOVA with Duncan's test for multiple comparisons. The p-values for significance were set at 0.01.
RESULTS AND DISCUSSION

Inhibition of NO Production by Various Negatively Charged Ligands
We previously reported that negatively charged liposomes inhibited the production of NO in mouse peritoneal macrophages stimulated with LPS.
17) It is well established that negatively charged liposomes are recognized and taken up via scavenger receptors. 19) Several types of scavenger receptors have been reported to be present on the macrophage surface, 20) and not only chemically modified LDL, mBSA, and selected polysaccharides but also negatively charged phospholipids such as PS could serve as ligands. Therefore, we investigated the effects of negatively charged ligands (polyanions) on NO production in thioglycollate-elicited mouse peritoneal macrophages. The production of NO was inhibited by treatment with PS-liposome, mBSA, OxLDL, and heparin in a dose dependent manner. However, in comparison with PS-liposomes (125 mg lipid/ml), the inhibitory effects of these anions were weak (Figs. 1A-D) . No inhibitory effect was exhibited by PolyC (Fig. 1E) .
Induction of TGF-b b and IL-10 by Various Negatively Charged Ligands TGF-b and IL-10 are known to be antiinflammatory cytokines, and both inhibit the production of NO by macrophages. 12, 21) The former contributes to numerous physiological processes, including cell growth, differentiation, and the down-regulation of proinflammatory cytokine production in macrophages. 22, 23) TGF-b was produced when macrophages were treated with PS-liposomes, and TGF-b was involved in the inhibitory effect on NO production by PS-liposomes. However, no production of IL-10 was observed. 13) To clarify the mechanism of the inhibitory effect of polyanions on NO production, we evaluated the production of these cytokines by macrophages following treatment with polyanions. As shown in Fig. 2 , TGF-b production was observed when macrophages were treated with OxLDL as is the case with PS-liposomes. No increase in TGF-b production was observed using mBSA, heparin, and PolyC.
On the other hand, significant production of IL-10 was observed when macrophages were treated with mBSA (Fig.  3) . Although PS-liposomes, OxLDL, mBSA and heparin all have show inhibitory effects on NO production, their effects on cytokine production differ, suggesting the involvement of a different inhibitory mechanism for each ligand.
Effects of Negatively Charged Ligands on MAP Kinase Activation Mitogen-activated protein (MAP) kinases are composed of three principal family members, extracellular signal-regulated kinase (ERK), c-jun N-terminal kinase or stress-activated protein kinase (JNK/SAPK), and p38 MAP kinase. 24) These kinases have been shown to be intimately involved in cell proliferation, differentiation, apoptosis, and inflammation. 25, 26) We have recently reported that PS-liposomes activated ERK, and the ERK signaling pathway might be one of the mechanisms that lead to TGF-b production following PS-liposome treatment. This is supported by the finding that the addition of an inhibitor for ERK reduced significantly the production of TGF-b. Consequently, we evaluated the effects of polyanions on MAP kinase activation by measuring tyrosine phosphorylation with a Western blotting. As shown in Fig. 4 , tyrosine phosphorylation of ERK increased when macrophages were treated with OxLDL for 5 and 15 min as well as PS-liposomes. In the case of mBSA, band intensities of tyrosine phosphorylated ERK were remarkably high at 5 min and returned to the control levels at 15 min after treatment. Furthermore, mBSA activated JNK at 5 min. Additionally, PolyC activated both ERK and JNK at 15 min after treatment. No activation of p38 MAP kinase was observed with any of the polyanions. Although heparin had an inhibitory effect on NO production in macrophages, no activation of the MAP kinase superfamily was observed under our experimental conditions. The characteristics of several types of scavenger receptor have been reported. Scavenger receptor class-A (type I/II) has affinity for OxLDL, acetyl LDL, mBSA, and dextran sulfate, but not for PS-liposomes. Scavenger receptor class-B (SR/BI and CD36) has affinity for OxLDL, acetyl-LDL, and PS-liposomes.
14,27,28) Fadok et al. reported extensively on the PS-specific receptor-mediated recognition and endocytosis of PS-expressing apoptotic cells by macrophages.
10) PS-liposomes interact with macrophages through PS-specific receptors, leading to the production of TGF-b via the activation of ERK, and finally, the TGF-b produced by PS-liposomes inhibited NO production by macrophages. 12) OxLDL affected cytokine production and MAP kinase activation similar to PS-liposomes, suggesting the contribution of a PS-specific receptor to the inhibitory effect of OxLDL on NO production. Furthermore, the contribution of scavenger receptor class-B to inhibitory effect of OxLDL was also suggested. With mBSA, cytokine production and MAP kinase activation were different from those with PS-liposomes. Scavenger receptor class-A has affinity for mBSA, suggesting that ligation scavenger receptor class-A causes the activation of MAP kinases (ERK and JNK) and production of IL-10, and this pathway contributes to the inhibition of NO production. Macrophage scavenger receptors exhibit an unusually broad specificity, and polynucleotide binding to macrophages depends on the formation of base-quartet-stabilized fourstrand helices, and PolyC is not a ligand for scavenger receptors. 29) On the other hand, complement receptor Mac-1 (CD11b/CD18) functioned as a receptor for the binding of an oligodeoxynucleotide, 30) suggesting that signaling via complement receptors has no effect on the production of NO by macrophages stimulated with LPS. Nakamura et al. reported that heparin has an affinity for scavenger receptor class-A in Kupffer cells. 31) However, heparin did not affect MAP kinase activation and cytokine production, suggesting the contribution of some receptor(s) other than scavenger receptors or the PS-receptor.
The inhibition of NO production by several ligands for scavenger receptors does not appear to be due to the formation of a ligand-LPS or ligands competing for the LPS receptor, and scavenger receptors and or some other receptor(s) are suggested to contribute to this inhibition. 14, 32, 33) Studies are currently underway to clarify the difference between these ligands in the inhibitory effect on NO production by macrophages stimulated with LPS.
